A method for detecting voids in the galaxy distribution is presented. Using this method, we have identified 732 voids with a radius of the seed sphere R seed > 4.0h −1 Mpc in a volume-limited sample of galaxies from the southern part of the 2dFGRS survey. 110 voids with R seed > 9.0h −1 Mpc have a positive significance. The mean volume of such voids is 19 · 10 3 h −3 Mpc 3 . Voids with R seed > 9.0h −1 Mpc occupy 55% of the sample volume. We construct a dependence of the volumes of all the identified voids on their ranks and determine parameters of the galaxy distribution. The dependence of the volume of voids on their rank is consistent with a fractal model (Zipfs power law) of the galaxy distribution with a fractal dimension D ≈ 2.1 (given the uncertainty in determining the dimension using our method and the results of a correlation analysis) up to scales of 25h −1 Mpc with the subsequent transition to homogeneity. The directions of the greatest elongations of voids and their ellipticities (oblateness) are determined from the parameters of equivalent ellipsoids. The directions of the greatest void elongations have an enhanced concentration to the directions perpendicular to the line of sight.
Introduction
Information about the structuring of the spatial distribution of luminous matter (the form and degree of clustering of galaxies and clusters of galaxies, the characteristic scales of clustering, etc.) characterizes the physical conditions at the formation epoch of the observed inhomogeneities.
The first galaxy redshift surveys revealed that the spatial distribution of galaxies is essentially inhomogeneous: they are gathered in groups and clusters, which, in turn, form a complex network of filaments and walls that are threaded by tunnels and that bound voids (a foamy or cellular structure).
In the early 1980s, it became clear that giant voids in the distribution of galaxies are common in the observable Universe (Einasto et al. 1980; Kirshner et al. 1981 ), but their significance was understood later. The history of void detection and description was presented by Rood (1988) .
Describing the distribution and parameters of voids in the distribution of galaxies is important for understanding the formation conditions of the large-scale structure of the observable Universe and imposes constraints on cosmological model parameters (Peebles 2001; Berlind and Weinberg 2002) . CDM models predict a certain amount of matter and, hence, galaxies in voids. However, studies have shown that dwarf galaxies are located in the same structures as normal galaxies (Gottlober et al. 2003 ; Hoyle and Vogeley (2002) and references therein).
The model of cellular structure allows a void to be defined as a connected region of space with a reduced density of galaxies compared to the regions containing the formations that constitute the large-scale structure (walls, filaments, and clusters) or completely free from galaxies. The methods for analyzing the distributions of void parameters complement the methods for studying the distribution of galaxies; in particular, describing the spectrum of void volumes allows the morphology of the distribution under study to be determined. VPF (Void Probability Function) and UPF (Underdensity Probability Function) are the standard statistical methods that determine high order correlation functions. VPF determines the probability that a sphere of radius r placed in a given distribution will be empty; UPF measures the frequency of spheres with a density contrast δρ/ρ below a certain threshold.
There are several algorithms for identifying voids in a point distribution that do not determine the void shapes a priori. The most developed algorithms are given in the papers by El-Ad and Piran (1997) -the method of nonoverlapping spheres, Aikio and Mahonen (1998) The shapes of voids along with the spectrum of their sizes are of considerable interest. For example, Plionis and Basilakos (2002) analyzed the distributions of void sizes and shapes in the PSCz survey and compared them with artificial distributions obtained using various CDM models. Hoyle and Vogeley (2004) have already searched the 2dFGRS survey for voids using an algorithm similar to that presented by El-Ad and Piran (1997) and Croton et al. (2004) based on VPF. Using the method of searching for maximum spheres free from galaxies with masses (luminosities) below a certain value, Patiri et al. (2005) determined the statistical parameters of such voids in the distribution of 2dFGRS galaxies.
THE METHOD OF SEARCHING FOR VOIDS
The void finder algorithm presented here is similar to the procedure described by El-Ad and Piran (1997) and differs from the approach used by Hoyle and Vogeley (2004. Here, we searched for voids that were completely free from galaxies (without separating the galaxies into wall and void galaxies), because the procedure for constructing a volumelimited sample leaves only fairly bright galaxies that outline the structure (formed inside massive halos) in the sample.
Our method uses a standard (for a number of related methods) ad hoc parameter (in our case, the parameter k) that defines the size of the tunnel (hole) in the distribution of galaxies into which a given void penetrates during the construction. The method used by Shandarin et al. (2006) is free from such parameters. However, when a smoothed density field is constructed, the void parameters depend on the smoothing length (e.g., in the case of smoothing by a Gaussian filter) and on the threshold density that separates the regions with enhanced and reduced densities. Besides, this approach yields very irregular voids.
The method presented here is fairly simple, flexible, and suitable for searching for voids defined as regions completely free from galaxies.
An orthogonal three-dimensional grid is constructed in the volume of the sample under study to attribute the grid points to a particular void. The voids are identified from large to small ones. First, the sphere with the largest possible radius that fits into the empty (free from galaxies) regions of the galaxy distribution and the geometrical boundaries of the sample is identified. Since the voids are assumed to lie strictly within the geometrical boundaries of the sample, the radius for a given grid point is defined as the minimum of the smallest distance from the given grid point to galaxies and the minimum distance from the point to the boundary.
Inside the sample volume, galaxy-free seed spheres are sequentially searched for (first, the largest sphere is searched for) followed by their expansion through the addition of the spheres whose centers are located within the already fixed part of the void and whose radii R sph are no less than the radius of the seed sphere multiplied by the coefficient k = 0.9 (R sph > 0.9 · R seed , where R seed is the radius of the seed sphere). Thus, the spheres added to the void overlap with the region already attributed to the void by more than 30% of their volume. Subsequently, the empty sphere with the largest possible radius is identified again by taking into account the void identified at the previous step (all the grid points attributed to this void are excluded from the analysis), this sphere is then expanded, and so on. The identification of voids continues as long as R seed is larger than a certain value (in our case, 4.0h −1 Mpc). The radius of the sphere with the volume per galaxy in the volume-limited under study (see below) is R gal ≈ 5.0h −1 Mpc.
At k = 0.9, the voids outline fairly well the regions between galaxies and, at the same time, retain a regular shape, which is convenient when voids are approximated by ellipsoids. At k = 1, the voids are strictly spherical. If we decrease k, then the voids begin to penetrate into increasingly small holes and the void shapes become increasingly irregular. At small k, one (the first) void fills most of the sample volume. The coefficient k = 0.9 used here is a compromise chosen after the void construction in point distributions with different properties. The voids constructed in this way (at k = 0.9) are identified in arbitrarily shaped volumes. On the other hand, the voids are found to be separated from one another and to be fairly thick throughout the volume, which allows them to be approximated by triaxial ellipsoids.
We divided the identified voids into the voids that completely lie within the geometrical boundaries of the sample and the voids that touch the sample boundaries; hence, their volumes are underestimated and their shapes are distorted by the boundary effect.
THE DATA
The second release of the 2dFGRS galaxy and quasar survey (Colless et al. 2001 (Colless et al. , 2003 includes ∼ 250000 galaxies and up to 25 000 quasars. A multiobject spectrograph with a 2
• field of view capable of taking 400 spectra in a single exposure was used to determine the redshifts. The APM (b j < 20.5) photometric catalog formed the basis for the survey. All of the galaxies with Galactic extinction-corrected apparent magnitudes b j in the range 14.5 < b j < 19.5 were selected for the 2dFGRS survey. The main region in the sky covered by the 2dFGRS survey consists of two strips: 80
• in right ascension and 15
• in declination near the South Galactic Pole and 75
• in right ascension and 10
• in declination in the Northern Galactic Hemisphere. Additionally, galaxies in 99 randomly located fields in the high-latitude part of the South Galactic Hemisphere were imaged for the survey. The survey covers ∼ 2000 square degrees and has a median depth of z = 0.11 for galaxies with b j < 19.45. In this paper, we use a sample from the southern part of 2dFGRS and consider galaxies with a redshift quality parameter (z) quality ≥ 3. The boundaries of the sample are:
• , and 0.02 < z < 0.121. At z max = 0.121, the volumelimited sample contains the largest number (7219) of galaxies for these angle boundaries. In such a sample, all galaxies with absolute magnitudes M abs < −19.92 are observable from any point of the sample with apparent magnitudes b j < 19.2. To estimate the absolute magnitudes of galaxies, we calculated the combined evolutionary correction e(z) and the correction for the shift of the range of the galaxys radiation to the longer wavelengths (the K(z) correction) used to calculate the luminosity function for 2dFGRS galaxies (Norberg et al. 2002) :
To determine the metric distances from the redshift using a formula given, for example, in Hogg et al. (1999) , we used the Hubble parameter H 0 = 65 km s
where H is the true value of the Hubble constant) and the density parameters Ω Λ = 0.7, Ω 0 = 0.3. In such a cosmology, z max = 0.121 corresponds to a distance of 542.54h −1 Mpc.
IDENTIFIED VOIDS
We identified a total of 732 voids with R seed > 4h −1 Mpc in the work sample using the algorithm described above.
The configuration of voids and their volumes to some extent depend on the chosen step of the three dimensional grid. In the presented implementation of the algorithm, we chose the grid step to be Step ≈ 1.0 Mpc. The void volumes were estimated as Step 3 × N, where N is the number of grid points inside a given void. The volume per galaxy in our sample is 513h −3 Mpc 3 . The largest found void occupies a volume of 85595h −3 Mpc 3 . The radius of the first (largest) seed (initial) sphere is R 1 seed = 21.3h −1 Mpc. In Fig.1 , the void volume is plotted against the radii R seed of the seed spheres. As expected, the scatter of volumes increases with R seed .
We determined the significance of voids by comparing the identified voids with the list of voids obtained using the same algorithm in a random sample with the same mean density. The significance is P (r) = 1 − N random (r)/N survey (r), where N survey (r) is the number of seed spheres of voids with radii R seed > r identified in the 2dFGRS sample and N random (r) is the number of seed spheres identified in a homogeneous distribution within the same boundaries and with the same mean density as that for the galaxy sample (Fig. 2) . 110 voids of the 2dFGRS sample with radii R seed > 9h −1 Mpc have a positive significance; 23 of them do not touch the boundaries. All the significant voids touch at least one galaxy in the process of construction. Figure 3 shows the projection of the distribution of galaxies with −32
• < δ < −27
• and the centers of 110 voids with R seed > 9h −1 Mpc.
The mean volume of the voids with significance R seed > 9h −1 Mpc is 18666h −3 Mpc 3 . The ratio of the total volume of the seed spheres to the total volume of the voids (R seed > 9h −1 Mpc) is 0.31. On average, the seed sphere occupies 0.32 of the volume of the void grown from it for significant voids. Figure 4 shows the distribution of void volumes. A nearly power-law decrease in the number of voids with increasing volume is observed.
The voids identified using the algorithm presented here with R seed > 9h −1 Mpc occupy 55% of the sample volume.
VOLUME STATISTICS. PARAMETERS OF THE GALAXY DISTRIBUTION
The distribution of galaxies (the behavior of the density with distance) is known to obey a power law on small scales. This is occasionally interpreted as fractality, self-similarity in a certain interval of scales (up to 20−30h Gaite and Manrubia (2002) found no power-law dependence using some of the void catalogs and suggested that Zipfs law was not observed in the cases considered because of the algorithms used for void identification. Artificial fractal distributions, including the distribution obtained using the Cantor dust algorithm also known as a β-cascade (Paladin and Vulpiani 1987) , revealed that the algorithm presented in this paper overestimates the fractal dimension D by 0.1 − 0.2 at D ≥ 2 and poorly estimates it at D < 2 (D > 2 is a fundamental limitation for estimating the dimension using Zipfs law (Gaite 2006)); a well-defined power-law dependence is observed in all cases. In Fig.5 , the volumes of all 732 voids identified in the 2dFGRS sample is plotted against their ranks. The bend of the dependence at the highest ranks (smallest volumes) is due to the limitation on the radius of the seed sphere from below. The dependence in Fig.5 can be interpreted in terms of Zipfs law from small volumes to V break ∼ 10 4 h −3 Mpc 3 . After the smooth break, the slope of the dependence toward the larger volumes (lower ranks) becomes less than unity, which rules out the fractal interpretation (Gaite and Manrubia 2002) . Gaite (2005) interpreted this behavior of the dependence as a manifestation of the transition to homogeneity in the given distribution. The effective diameter (the diameter of a sphere with the same volume) for V break is ∼ 26h −1 Mpc. This diameter virtually coincides with the scale on which the correlation gamma-function deviates significantly from a power law (Tikhonov et al. 2000; Tikhonov 2005 ). The slope before the break (at high ranks) is z f ≈ 1.4, which corresponds to a fractal dimension of D = 3/z f ≈ 2.14 and also agrees with the results of the correlation analysis (e.g., of the 2dFGRS survey (Tikhonov 2005) ).
VOID SHAPES
Once we compiled the list of voids (attributed three-dimensional grid points to a particular void), we determined the void centers and calculated the moments of inertia of the bodies formed by the voids. We analyzed the void shapes using the parameters of their equivalent ellipsoids. We constructed the 3 × 3 matrix of moments of inertia I ij and found its eigenvalues λ i , which are equal to the principal moments of inertia, from the condition det(I ij − λ · E) = 0 (where E is a 3 × 3 unit matrix); these principal moments of inertia were used to determine the semiaxes of the equivalent triaxial ellipsoid. The eigenvectors of the matrix I ij give the directions of the semiaxes. The direction of the greatest void elongation coincides with the direction of the major axis of the equivalent ellipsoid. The distribution of the directions of void elongations is not quite homogeneous (Fig. 6) : we can note a crowding toward the directions perpendicular to the line of sight (especially of the major axes of the voids that do not touch the boundaries). No void elongation along the line of sight is observed. The ellipticity (oblateness) of voids was defined as ǫ = 1 − c/a, where a and c are the semimajor and semiminor axes, respectively. 37 and 8 voids with R seed > 9.0h −1 Mpc have ǫ > 0.4 and ǫ < 0.15, respectively; the largest ellipticity is ǫ = 0.61. The voids are distributed in ellipticity rather homogeneously (Fig. 7) .
CONCLUSIONS
In this paper, we presented an algorithm for identifying voids without prior determination of their shapes. We identified 110 signi?cant voids with radii of the seed spheres R seed > 9.0h −1 Mpc in the southern part of the volume-limited sample from the 2dFGRS galaxy survey. These voids occupy 55% of the sample volume. The table gives parameters of the nine largest voids with volumes larger than 40 · 10 3 h −3 Mpc 3 (Fig. 8) . The mean effective radius of voids, 16.46h −1 Mpc, is considerably smaller than that obtained by Hoyle and Vogeley (2004) the algorithm presented here identifies voids of smaller volumes, because the galaxies are not divided into wall and void galaxies (we used all of the galaxies included in the work sample). The distribution of the directions of the major axes of voids is not quite homogeneous. There is no tendency for them to be grouped near the line-of-sight direction, but there is a crowding of the directions of the major axes of voids near the direction perpendicular to the line of sight; this can be observed in redshift space if the voids contract homogeneously in the comoving coordinates during the cosmological evolution (Ryden and Melott 1996) . No systematic trends are observed in the distribution of void ellipticities (oblateness). The dependence of the volumes of voids on their ranks exhibits a power-law portion at high ranks that can be interpreted in terms of Zipfs law with a fractal dimension of D ≈ 2.1 of the galaxy distribution. The behavior of this dependence at lower ranks (at void volumes larger than 10 4 h −3 Mpc 3 ), which is indicative of the transition to a homogeneous distribution from a scale of ∼ 25h −1 , is consistent with the results of the correlation analysis of the 2dFGRS sample.
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